A molecular hybridization technique using biotinylated DNA probes was used to detect bovine herpesvirus (BHV-1) nucleic acid species immobilized on nitrocellulose. Seventeen recombinant plasmids containing HindIII restriction fragments of the BHV-1 genome were compared for their ability to detect immobilized BHV-1 DNA from purified virus and infected cells. One probe, pCB2, labeled by nick translation with either 3H or biotin, detected as little as 10 pg of viral DNA. In time course experiments, BHV-1 DNA could be detected by 2 h postinfection in 106 infected cells. BHV-1 DNA was detected in nasal swabs and exudate from experimentally infected cattle, even when specimens had been stored for over a year. In a retrospective study of a respiratory disease outbreak in a feedlot, hybridization was compared with virus isolation for diagnosis of BHV-1 infections. The sensitivity rate was 0.68 with virus isolation as the referent standard. Blot hybridization provides a novel approach with unique applications for the diagnosis of bovine herpesvirus infections.
Molecular hybridization of viral DNA to complementary sequences in cells or cell extracts immobilized on nitrocellulose provides a specific method for detection of virusspecified nucleic acids. Hybridization probes which have been radiolabeled to high specific activity can detect as few as 1 to 10 genome copies per cell (1, 5) . Recently, this technique has been applied to detection of viruses and other infectious agents in clinical specimens (14, 16, 17) . It has particular utility when the condition of the specimen or nature of the agent precludes virus isolation or if viral antigen cannot be detected in conditions of antigen-antibody equivalence or latent infection.
Langer et al. (8) developed a method for nonradioactive labeling of nucleic acids by enzymatic incorporation of biotinylated dUTP. Biotinylated probes have been utilized for hybridization in situ (2) and on blots (9) . When biotinlabeled probe is hybridized to nucleic acids affixed to nitrocellulose, it can be detected by a procedure which employs avidin and biotin-conjugated polyalkaline phosphatase (9) . This system offers sensitivity nearly equal to that with radiolabeled probes and has the advantages of speed, safe handling, and stability.
We report here the development and assessment of biotinlabeled DNA probes for diagnosis of bovine herpesvirus type 1 (BHV-1) infections. In addition, optimal methods were determined for immobilization of BHV-1 nucleic acids from cells and fluids on nitrocellulose.
MATERIALS AND METHODS
Cells and virus. A rabbit epithelial cell line (RSC) was grown in Dulbecco minimum essential medium containing 5% fetal bovine serum. Stocks of the Cooper strain of BHV-1 were prepared by infection of RSC monolayers at a multiplicity of infection of0.1. Cells were harvested when the cytopathic effect was complete (usually 48 to 72 h after infection), and virus was released by sonication or freezing-thawing of cells. Pseudorabies virus and bovine * Corresponding author.
herpesvirus type 4 (BHV-4; Movar) were also grown in RSC cultures.
Plasmid preparation. The eighteen HindIII fragments of BHV-1 DNA which were cloned in pBR325 (see Table 1 ) represented over 90% of the virus genome (C. Blair, unpublished data). Plasmids were prepared by the sodium dodecyl sulfate lysis procedure from cultures of transformed Escherichia coli HB101 after spectinomycin amplification (11) . BHV DNA inserts were purified by agarose gel electrophoresis and electroelution. Viral DNA purification. RSC monolayers were infected at a multiplicity of infection of 1.0. At 36 to 48 h postinfection (PI), infected cells were suspended by shaking and centrifuged to a pellet at 5,000 rpm for 10 min in a JA20 rotor (Beckman Instruments, Inc.). Cell plasma membranes were lysed by suspension in 1.0% Nonidet P-40-1.0% sodium deoxycholate-10 mM NaPO4 (pH 7.5). Nuclei were removed by centrifugation at 5,000 rpm for 10 min. The cytoplasmic supernatant was layered over 8 ml of 30% sucrose and centrifuged for 2 h at 25,000 rpm in an SW40 rotor (Beckman). The nucleocapsid pellet was suspended in 10 mM Tris hydrochloride (pH 7.5)-i mM EDTA containing 1% sodium dodecyl sulfate and 100 ,ug of pronase (Calbiochem-Behring) per ml. Incubation at room temperature for 12 to 18 h released viral DNA, which was extracted with phenolCHCl3, precipitated with ethanol, and purified by centrifugation to equilibrium in CsCl.
Preparation brought to 0.5% Nonidet P-40-0.1% sodium deoxycholate and mixed on ice for 5 min. Nonidet P-40 was added to bring the concentration to 1%. Nuclei were pelleted by centrifugation at 12,000 rpm for 2.5 min in a Microfuge 11 (Beckman). The supernatant fluid was discarded, nuclei were suspended in 1 mM Tris hydrochloride (pH 8.0)0.25 mM EDTA, and the solution was adjusted to final concentrations of 200 mM Tris hydrochloride (pH 8.0)-68 mM EDTA, 0.5% sodium dodecyl sulfate-100 FLg of proteinase K (Sigma Chemical Co.) per ml. The solution was incubated at 60°C for 1 to 2 h. DNA was extracted with phenol-CHCl3 and denatured with 0.3 N NaOH at 60°C for 0.5 to 1 h. After cooling, the solution was neutralized with 1 volume of 2 M ammonium acetate. DNA was ethanol precipitated and redissolved before application to nitrocellulose.
Clinical specimens. Two sets of clinical specimens were examined in retrospective studies. One set was from calves infected intranasally with BHV-1 (3). Nasal exudate and nasal swabs were collected daily and analyzed at the time of collection by virus isolation (VI). These same samples were processed over 1 year later for hybridization. The original isolation titer results were used as the referent standards; VI was not attempted at the time of hybridization. Control specimens were nasal swabs obtained from healthy calves at the Colorado State University dairy farm. The other set of samples originated from an outbreak of bovine respiratory disease at a feedlot. These 48 samples had been sent to the diagnostic laboratory of the Colorado State University Veterinary Teaching Hospital for diagnosis. The original VI diagnostic results were used as the referent standard for assessing the sensitivity and specificity of hybridization results. Specimens obtained from calves experimentally infected with BHV-1 consisted of (a) duplicate nasal swabs which were stored either dry at -20°C or in virus transport medium (Dulbecco minimal essential medium, 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer, 125 mg of fungizone per liter, 100 mg of gentamicin per liter, 105 U of penicillin per liter, 2% fetal bovine serum) at -70°C or (b) nasal exudate stored in plastic bags at -70°C.
Dry nasal swabs were soaked in 1 mM Tris hydrochloride (pH 8.0)-0.25 mM EDTA for 2 h before processing. Swabs were swirled to release epithelial cells into the liquid which was processed for hybridization. To reduce viscosity of nasal exudate, 0.4 g bf material was sonicated and sheared by repeated passage through 18-and 26-gauge needles. Processing of each nasal exudate and nasal swab specimen followed the procedure of Redfield et al. (14) and was initiated with 400 ,ul of liquid brought to volume with 1 mM Tris hydrochloride (pH 8.0)-0.25 mM EDTA when necessary. A mixture of 70 ,ul of 3 N NaOH, 20 ,ul of 10% N-lauroyl sarcosine, and 10 ,ul of 0.5 M EDTA was added, and the samples were incubated at 60°C for 1 h. After extraction with phenol-CHC13 and then CHC13, aqueous layers were neutralized with 1 volume of 2 M ammonium acetate, ethanol precipitated, redissolved, and blotted onto nitrocellulose.
Labeling hybridization probes. Initial experiments utilized 3H-labeled probes to facilitate accurate quantitation of hybridization. When the polyalkaline phosphatase system became commercially available, quantitation of hybridization of biotin-labeled probes became possible, and further experiments utilized this system.
Hybridization to blots. Nitrocellulose with affixed DNA was prehybridized for 4 to 18 h at 42°C in the following mixture: 50% deionized formamide, 5 x SSC (1 x SSC is 0.15 M NaCI plus 0.015 M sodium citrate), 5 x Denhardt (4) solution (0.1% Ficoll [Pharmacia Fine Chemicals], 0.1% polyvinyl pyrrolidone, 0.1% bovine serum albumin), 50 mM NaPO4 (pH 6.8), 1% glycine, and 350 ,ug of denatured salmon sperm DNA per ml. This was replaced with a hybridization mixture consisting of 45% formamide, 4.5 x SSC, 4.5 x Denhardt solution, 45 mM NaPO4 (pH 6.8), 9% dextran sulfate, 300 ,ug of denatured salmon sperm DNA per ml, and denatured probe DNA. When 3H-labeled probe was used, the concentration was 105 cpm per ml of hybridization mixture, and hybridization was for 15 to 18 h at 42°C. Biotin-labeled probe was added at 0.09 to 0.15 ,ug/ml, and hybridization proceeded for 3 to 18 h at 42°C.
After hybridization, membranes were washed four times for 15 min each in 3 x SSC at room temperature, then twice for 15 min each in 0.1 x SSC at 50°C. Extent ofhybridization of 3H-labeled probes was determined by liquid scintillation counting of excised individual dots. Control blots were from areas of the same sheet of nitrocellulose to which buffer lacking DNA or cells had been applied. These were also excised and counted, and their counts were subtracted from experimental samples to give net counts per minute. Biotinylated probes were detected by use of streptavidin plus biotin-conjugated polyalkaline phosphatase (Bethesda Research Laboratories) as directed by the manufacturer. For densitometer tracing, membranes were cleared with SepraClear Il (Gelman Sciences, Inc.). A Zeineh tungsten scanning densitometer was used to determine color intensity. The slot blot apparatus creates blots of uniform size for each sample applied to the nitrocellulose. Thus, in these VOL. 22, 1985 studies, degree of hybridization was represented by peak height of densitometer tracing. RESULTS Selection of hybridization probe. To determine which ofthe recombinant plasmids gave maximum sensitivity and specificity in blot hybridization reactions, we labeled each with 3H by nick translation and hybridized it to purified viral DNA or DNA from nuclei of uninfected cultured cells applied to nitrocellulose by method 2. Unless otherwise noted, 106 cpm of probe DNA was added to each hybridization mixture. Results are shown for 17 plasmids in Table 1 . Sensitivity was judged by number of counts bound to viral DNA. Specificity was judged by lack of binding to cellular DNA. Probe pCB2 was determined to have optimum hybridization characteristics. It could be labeled to relatively high specific activity, it hybridized to the greatest extent to viral DNA, and it had a low nonspecific affinity for cellular DNA compared with other plasmids. In addition, pCB2 failed to hybridize to DNA from BHV-4, but it did hybridize to pseudorabies virus DNA. The pCB31 probe also hybridized strongly with pseudorabies virus DNA, but only minimal signal was detected when it was hybridized with BHV-4 DNA (data not shown).
Detection of purified viral DNA. The sensitivity of detection of BHV-1 DNA by blot hybridization was determined after application of serial 10-fold dilutions of purified, denatured genome DNA to nitrocellulose membranes. The probe was pCB2, the 9.6-kilobase-pair HindIII J fragment of BHV-1 DNA cloned in pBR325 (C. Blair, unpublished data). When pCB2 was labeled with 3H by nick translation, as little as 10 pg (10-2 ng) of viral DNA was detectable ( Table 2 ). The 10-2-ng (10-pg) blot was also detectable after hybridization to the biotin-labeled probe (Fig. 1) . Although the avidinpolyalkaline phosphatase system yielded sufficient color development to be readily visualized, the densitometer was not sensitive enough to read the 10-2-ng slot (Fig. 1) Table 3 . Because of the lower specific activity of the nick-translated probe, the sensitivity of detection was considerably less than data shown in Table 2 . Nevertheless, the presence of up to 10 cells per blot did not interfere with detection of viral DNA (compare counts in columns with 0 and 10 cells in Table 3 ).
Although blotting and denaturation of viral DNA in the (13) . Thus, the method of White and Bancroft (18) , in which cytoplasmic and nuclear fractions are separated before DNA extraction, was adapted for denaturation and application of nuclear DNA (method 2). With this method, the amount of viral DNA detected in infected cells was proportional to cell number. Viral DNA was not detected in cytoplasmic fractions (data not shown).
Time course of detection of viral DNA in nuclei of infected 
DISCUSSION
In the present study, we determined the optimal methods for immobilization of infected cells, cell extracts, and clinical specimen preparations on nitrocellulose and for detection of BHV-1 DNA in these preparations by molecular hybridization with 3H-or biotin-labeled probes. As little as 10 pg of purified viral DNA could be detected, and in reconstructed mixtures, up to 105 uninfected cells applied to the same blot did not interfere with detection of virus DNA. However, when more than 105 intact infected cells were applied directly to nitrocellulose and lysed in situ and their total DNA was alkali denatured, hybridization results were inconsistent. This was possibly due to masking or interference between cellular constituents and viral DNA (13) . Thus, an alternative method was developed for blot preparations involving >105 cells, in which nuclear DNA was extracted and denatured before application to nitrocellulose.
Since both nick translation procedures resulted in labeling or substitution of thymidine residues in DNA, a probe was selected in which high specific activity resulted from incorporation of [3H]dTTP. The base composition of BHV-1 DNA is about 72% G+C (10); therefore, a limited number of Ts are available for substitution. The variation in specific activity obtained after nick translation of different recombinant plasmids could result from differences in size of the BHV DNA insert and from local variation on the BHV genome in G+C content. Other criteria used in selection of probe were maximum hybridization to purified viral DNA and minimum nonspecific binding to mammalian cell DNA. Spurious hybridization between mammalian and herpesvirus DNAs has been observed previously (6) and has been attributed to G+C-rich sequences, although we observed no relationship between specific activity and binding to cellular DNA (Table 1) . The parent plasmid, pBR325, showed no binding to mammalian cell DNA or clinical specimens (data not shown), and purification of BHV DNA inserts from plasmids for use as hybridization probes gave no increase in sensitivity or specificity (Table 3 and other experiments). The two probes utilized in the majority of these studies, pCB2 and pCB31, differed in their abilities to hybridize with heterologous herpesviruses. Both probes hybridized with pseudorabies virus DNA, and intense signals resulted. However, only the pCB31 probe hybridized with BHV-4 DNA, and only a faint signal resulted. Studies are currently in progress to determine the specificity in cross-hybridization tests of all of the pCB recombinant plasmids for all bovine and certain other herpesviruses. These studies will provide information about the extent of genome homology between bovine herpesviruses, and will, we hope, define type-specific and group-reactive probes for diagnostic applications.
Diagnosis of BHV-1 infections by blot hybridization with biotin-labeled probes compares favorably with currently used methods and may have particular utility in certain situations. Viral DNA could still be detected in nasal swab specimens which had been stored dry for over 1 year. This could be particularly important for diagnosis of latent infections in which infectious virus is not present or for cases of abortion in which specimens have often deteriorated before receipt by the laboratory. We have detected BHV-1 DNA in the liver of one of two aborted fetuses examined (data not shown). When specimens which had been stored in transport medium were assayed, correlation with diagnosis by VI was 79.1%. With VI as the referent, the sensitivity rate for diagnosis was 0.68, and the specificity rate was 0.95. Because these specimens had been stored frozen for over 1 year since diagnosis by VI, it is likely that the sensitivity rate for diagnosis by hybridization is underestimated. The true diagnostic efficacy of hybridization is currently being determined in a prospective study in which hybridization is being compared simultaneously with VI, antigen-capture enzymelinked immunosorbent assay (3), and serologic techniques for the diagnosis of BHV-1 infections. Detection of BHV-1 nucleic acid species by blot hybridization with biotin-labeled DNA probes provides a novel approach for the diagnosis of BHV-1 infections and for the study of viral pathogenesis.
